Evolutionary processes have not yet developed specific and safe ways to detoxify all chemical species new to our environment. Indeed, some are transformed and/or conjugated by the liver into more toxic species. Environmental factors can modulate hepatic enzyme systems. Particularly responsive are the mixed function oxidases, which initiate the transformation of many xenobiotics to excretable species via reactions which generate electrophilic intermediates such as free radicals, epoxides and aldehydes. Unless these reactive metabolites are rapidly removed by subsequent detoxification reactions or by endogenous defense systems, destructive cytotoxic reactions can be triggered or cell constitutents "attacked" thereby causing either acute injury and/or more latent molecular injury to long chain biopolymers resulting in chromatin damage, or tumors.
Introduction
The liver is a metabolically versatile organ responsible for the regulation of man's internal chemical environment. Exogenous and endogenous chemicals are absorbed, concentrated and then processed by the liver into more "useable," storable, or excretable forms. Many xenobiotics are converted at least initially to more excretable molecular species by components of the relatively nonspecific, mixed-function oxidases. These and other hepatic processing systems are responsive to multiple internal and external factors, such as sex, age, type of diet, hormone level, and prior or concurrent exposures to foreign chemicals (xenobiotics).
Environmental factors can sensitize individuals to potentially toxic chemicals by altering processes leading either to their "safe" removal from the body or their activation into molecular species capable of producing cellular injury. Mechanisms of *Department of Pathology, University of Texas Medical Branch, Galveston, Texas 77550. alteration include induction or repression of enzymes involved in the metabolic processes, changes in levels of required cofactors and/or depletion of antioxidants or other hepatocellular defense systems. Chemicals activated by the liver may attack other organ systems. The metabolic capacity of the liver is the central factor in human environmental response.
Pertinent Organization of Liver Function
Mammalian liver is a "continuous mass of parenchymal cells tunneled by vessels through which venous blood flows on its way from the gut to the heart" (1). Foodstuffs absorbed from the external environment are processed in the liver for more specialized, less versatile tissues according to the body's needs. Dietary changes can be accommodated by shifts in metabolic pathways. Poly-and oligosaccharides, cleaved by the digestive system, reach the liver as a mixture of monosaccharides October 1977where they are phosphorylated and either oxidized for energy or stored as glycogen. A vital function of the liver is the maintenance of normal blood glucose concentration through the hormone-controlled build up and breakdown of glycogen and synthesis of glucose (gluconeogenesis) from 3-carbon precursors. Dietary lipids are processed in the liver to provide sources of energy or raw material for synthesis. The liver is particularly important in the synthesis and regulation of circulating lipids, lipoproteins, triglycerides, cholesterol, cholesterol esters and in the degradation of cholesterol and steroids. Ingested proteins are cleaved to amino acids prior to absorption and transportation to the liver, where they are synthesized into structural and functional proteins for intrinsic and extrinsic use including plasma proteins, albumin and coagulation factors. Only the liver contains enzymes capable of converting nitrogen degradation products into urea for excretion.
The liver also functions as an endocrine gland in manufacturing, storing, concentrating and excreting cholic acid and other bile acids. The biliary system forms a major pathway for the excretion of conjugated xenobiotics. Iron reutilization and the breakdown and excretion of hemeporphyrins also require participation of the liver. Numerous nonspecific enzyme systems provide the liver with the flexibility to oxidize, reduce, dehalogenate and/or conjugate exogenous compounds in order to produce more excretable compounds, thus maintaining the hemostatis of the internal environment.
Structure
The massive bulk of the liver consists of myriads of hexagonal prismatic lobules approximately 3 mm in diameter which are the fundamental units of liver function. A branch of the hepatic vein is the center of each lobule. At the intersection of the interfaces between lobules are the portal triads which consist of small branches of the portal veins, hepatic artery and bile ducts, all three of which run concurrently. Two Functionally the liver cells in the periportal regions (adjacent to a portal triad) differ from those in the centrolobular region (adjacent to a central vein). Succinic dehydrogenase, cytochrome oxidase, and glucose-6-phosphatase are more active in periportal parenchyma, while NAD-and/or NADPdependent lactic, glutamic, and f3-hydroxybutyrate dehydrogenase and 3,4-benzpyrene hydroxylase are predominately centrolobular (2) . Xenobiotics have been found more potent inducers of smooth endoplasmic reticulum in centrolobular than periportal cells.
Cytoplasm of parenchymal cells contains abundant mitochondria, lysosomes, peroxisomes, Golgi apparatus, and rough and smooth endoplasmic reticulum, all of which are lined or delimited by phospholipid and protein-rich membranes of differing composition and function. These appear arrayed in a highly organized matrix. The plasma membrane with its many surface specializations forms the morphologic and functional interface between the cell and its immediate environment.
The endoplasmic reticulum (ER), a complicated network of membrane-lined cisternae permeating the cytoplasmic matrix, is particularly responsive to environmental changes. Many drugs, such as phenobarbital, and synthetic chemicals, such as polychlorinated biphenyls, cause marked proliferation and alteration of the metabolic properties of this organelle. The rough (RER) forms broad sheets, the outer surfaces of which are studded with myraids of ribosomes in rosettes and spirals. The other form, the smooth (SER), is a branching, interconnecting, sparsely granulated network of tubules 50 to 80 nm in diameter. Under normal conditions RER and SER are segregated, flat cisternae of the RER forming many-layered stacks of "ergastoplasm" and the SER forming loosely woven webworks of tubules which permeate the cytoplasmic matrix. Protein synthesis takes place on the ribosomes of the RER, glycogen storage is associated with the SER, and the entire membrane system of the ER appears to function in drug and steroid metabolism.
Fragmented liver endoplasmic reticulum is isolated as a relatively heterogeneous membrane fracEnvironmental Health Perspectives (7) .
It should be noted that completion of many biotransformation processes initiated by components of mixed function oxidases of liver endoplasmic reticulum requires participation of other enzyme systems. These processes are thus affected by the availability of cofactors such as NADPH, NADH, NAD, 02, reduced glutathione, glucuronate, UTP, UDP-G, and ATP. Interference with or depletion of one or more components could impede electron transport and complex formation or decomposition causing uncontrolled release of "activated" free radical or epoxide intermediates to the immediate intracellular environment. The complexity of mixed function oxidase sytems and related conjugation systems are schematically depicted in Figure 1 . "Safe" transformation of xenobiotics to watersoluble (oxidized or conjugated) species requires adequate energy sources, oxygen, and above all ample endogenous antioxidants to protect cellular components from the ongoing reactions.
In contrast to the reactions of mixed function oxidases [Eq.
(1), Fig. 1 (12) . Contents of lysosomes appear to evolve through a series of oxidative and polymerization reactions to relatively inert residual bodies. Pathologic processes which increase the amounts of materials being phagocytized causing more rapid turnover of cellular constitutents in autophagosomes (e.g., vitamin E deficiency states, copper toxicity, iron overload) should increase residual body contents of lysosomes.
Biliary System
Functions of the biliary system (components of liver parenchymal cells, bile canaliculi, bile ducts, and gall bladder) include the synthesis of cholic acids, other bile salts, cholesterol, bilirubin glucuronides, and their secretion by hepatic parenchymal cells. Bile is collected and concentrated in the gall bladder. Excretion of this concentrated bile is mediated on demand by cholecystokinin. The biliary system also forms a major pathway for the excretion of detoxified xenobiotics. Drugs and chemicals and xenobiotics all may affect the synthesis and/or rates of excretion of components of bile normally present and affect the stability of this easily supersaturatable system. Many compounds excreted in bile are reabsorbed by the intestinal epithelium only to be re-excreted in the bile (enterohepatic circulation).
Klaassen (13), in a recent review (1975), has summarized research into the biliary excretion of xenobiotics as follows: 'The biliary route is very important for the elimination of some foreign compounds from the body. For many of these compounds, an increase in the rate at which they are excreted into the bile will decrease their toxicity and vice versa. A number of factors which are known to alter the biliary excretion of xenobiotics, as well as the current concepts of the physiological mechanisms responsible for the excretion of foreign compounds, have been enumerated. However, much remains still to be understood; essentially nothing is known at the subcellular level about the biliary excretion of foreign compounds. It has recently been concluded that our knowledge of biliary excretion of compounds is about 40 years behind that of the renal excretion mechanism."
Mechanisms of Hepatic Injury by Environmental Chemicals
One of the liver's activities is the processing of chemicals derived from the environment. Modern man is literally deluged with molecular species unknown even fifty years ago. Evolutionary processes have not yet developed specific and safe pathways to process and excrete all species of this deluge from our synthetic era. Appendix I lists the most extensively produced compounds which are demonstrated or potential hepatotoxins. Appendix II lists types of occupational and environmental exposure to these hepatotoxins. Entry of certain of these foreign species into our internal environment can cause interference with hepatic processes by depletion of cofactors or through "accidental" insertion into complex molecules during synthesis. For example, ethionine interferes acutely with cellular function, protein synthesis and nuclear and polyribosomal structure by sequestering adenine thereby producing a conditioned deficiency of the ATP necessary for DNA, RNA, and protein synthesis (14) . Mercury and arsenic combine with sulfhydryl enzymes and thus impair hepatic metabolic functions.
Another perhaps more serious danger is that xenobiotics will be activated by the relatively indiscriminate" enzyme system into reactive electrophilic molecular species capable of "attacking" cellular constituents, or initiating destructive processes such as lipid peroxidation. The liver mixedfunction oxidase system is thought to activate many xenobiotics including haloalkanes and haloalkenes (carbon tetrachloride, halothane, vinyl chloride, trichloroethylene) (15) , haloaromatics (hexachlorobenzene, bromobenzene, lindane, DDT) and carcinogens (3, 4 benzpyrene, 2-acetylaminofluorene, aflatoxin B) (16) , and dimethyl or diethylnitrosomine (17) . Appendix III provides examples of mechanisms by which these toxins are activated.
Recent biologic studies of the industrially important compound vinyl chloride (ClHC=CH2) illustrate how many factors can be involved in xenobiotic activation. Exposure to vinyl chloride under occupational conditions (long-term, low-dose) has been associated with nonmalignant liver injury and October 1977 angiosarcoma of the liver in both man and experimental animals (18, 19) . A single 6-hr exposure to 5% vinyl chloride causes acute injury to liver endoplasmic reticulum in animals pretreated with potent inducers of cytochrome P-450, the terminal oxidase of the liver mixed function oxidase system (9) . Diminution of liver cytochrome P-450 contents and some functional activities of the mixed function oxidase system of animals by one day after vinyl chloride exposure implies that the activated vinyl chloride species either directly "attacks" membrane constituents or initiates reactions leading to their destruction (20) . In vitro studies of vinyl chloride have shown that the vinyl chloride molecule can covalently bind to proteins and nucleic acids or cause mutagenesis of test bacteria systems when activated by a microsomal enzyme system containing the required cofactors (21) . Inhibition of cytochrome P-450 markedly reduces the binding of vinyl chloride to proteins (21) .
The complexity of pathways by which vinyl chloride and other heptotoxins such as halogenated aromatics can be activated to electrophilic species and subsequently deactivated is suggested by Figure 2 . Such schemes may provide insight into the complexity of the multienzyme interactions and how easily they may be thrown out of balance. For example, bromobenzene is activated by the mixedfunction oxidase system to an epoxide which then rearranges to a phenol or is converted enzymatically either to a dihydrodiol or to a glutathione conjugate. When the rate of glutathione depletion exceeds the rate of glutathione synthesis, bromobenzene epoxide covalently binds to proteins of the intracellular environment-presumably directly causing injury. Impaired synthesis of reduced glutathione could enhance bromobenzene' s cytotoxic effect, while induction of the dihydrodiol pathway or alternate pathways of bromobenzene metabolism could minimize its toxic effect (4) . Actions of other factors which perturb the membrane system in which the xenobiotic-metabolizing enzyme systems (see Fig. 1 Since many potentially injurious environmental agents produce their effects through interaction with the mixed function oxidases of liver endoplasmic reticulum, the ability of this enzyme system to activate them to proximate toxins, or to subsequently deactivate them is significant. Fetal and newborn rats have very low contents of cytochrome P-450 and other drug metabolizing components, as well as the enzymes of the glucuronide and glutathione conjugating systems (6 Halothane has been suspected of being an acute hepatotoxin in man since its introduction as an anesthetic. Also, continued exposure to low concentrations has been associated with increased incidence of spontaneous abortions and congenital defects in operating room personnel (25 (26, 27) , and under similar circumstances of mixed-function oxidase induction it may be directly hepatotoxic in man. Definitive diagnosis awaits chemical definition of the lesion, including detection and determination of injury-associated halothane metabolites in breath, blood, and urine.
Chronic liver injury in vinyl chloride workers is manifest by a rather nonspecific periportal fibrosis which in the most advanced instances may resemble primary biliary cirrhosis (18) . Vinyl chlorideinduced angiosarcoma develops in those chronically injured livers. It is assumed that metabolites of vinyl chloride cause both the chronic injury and the angiosarcoma.
Ethanol is a classic case. It is still not known how this ubiquitous compound consumed in billions of pounds yearly produces its devastating effect on the liver.
Clearly, more effort needs to be expended in these areas. Injury producing pathways of xenobiotic metabolites need to be delineated, the metabolites sought and the products of their interaction with cellular constitutents determined. Chemical, functional, and morphologic correlates should be sought to provide better basis for the recognition of the causes of similar lesions in the future. Unfortunately for the diagnostician, the early hepatic injury caused by CC14, halothane, vinyl chloride, or trichloroethylene exposure all resemble one another morphologically with formation of tubular tangles of smooth endoplasmic reticulum and functionally with deactivation of cytochrome P-450 and mixed function oxidase components. Yet the first two haloalkanes are presumed to act through free radical mechanisms and the second two haloalkenes through epoxide intermediates (15) . Characterization of molecular changes in the membrane may provide a definitive answer. Fortunately, once you know what to look for, it is easy to identify.
Detection of Injury-Producing Potential
Quantitative predictors of the toxin-generating reactivity of chemicals in biological systems are needed. Physical chemical parameters of molecular structure related to the ability to produce overt injury or more subtle changes in hepatic function need to be defined and structure-activity guidelines developed. However the development of such guidelines requires the development of methods to isolate and quantify metabolites of xenobiotics, and to detect, define and quantitate the magnitude of injury. Noninvasive methods to determine xenobiotic body burden, and rates and routes of xenobiotic metabolism should be developed utilizing breath, blood, urine, and bile, particularly in instances where there is the possibility of a relationship between xenobiotic exposure leading to overt Environmental Health Perspectives or covert injury.
In order to know what metabolite to seek, relationships between xenobiotic metabolism and injury must be sought in experimental animals -preferably whole animals. Studies with isolated organs, cell suspensions, parts of cells and soluble extracts may not relate readily to conditions in vivo. Only in vitro systems which resemble defined in vivo systems are valid. Choice of animal is important for results must ultimately relate to disease in man and screening for injury-related metabolites should be applicable to man.
Clearly, there is a need for more definitive and more sensitive detection of hepatic injury in man exposed to the modern world of chemicals. Current methods are acceptable for symptomatic acute or chronic liver disease but usually fail to indicate ongoing subclinical or occult liver disease. Changes in liver-derived serum enzyme activities should continue to be explored in a search for more sensitive indicators. Rates of liver synthesis or removal of serum lipids, proteins, lipoproteins, corticosteroids and sex hormones might provide some insight into functional defects brought about by xenobiotic exposure. Serum determinants of the status of the antioxidant defense of the liver (reduced/oxidized glutathione, vitamin E oxidation products) could relate to increased intracellular peroxide generation. Increased mercapturic acid excretion in urine could relate to increased xenobiotic detoxification. To determine the status of mixed function oxidases in people who might be at high risk of liver injury because of exposure to certain xenobiotics, noninvasive tests of the metabolic capabilities of the mixed function oxidases should be developed.
Similarly, better morphologic and cytochemical parameters of the types and extents of injury to the liver need to be developed. Because the liver is such a heterogeneous organ with segregation of function and toxic response by zone and cell type, histologic, histochemical, and physical techniques are particularly valid. Large changes in the function or composition of small numbers of cells may become indiscernible when averaged out over the total population as would occur following homogenization of the liver.
Certain hepatotoxins produce striking ultrastructural changes in liver parenchymal cells. Although several different general classes of injury can be recognized by electron microscopy-mitochondrial swelling and/or calcification, dilitation of rough endoplasmic reticulum, "denaturation" of the smooth, production of "finger print" whorls of the smooth, segregation of nucleolar and nuclear components, increased cytoplasmic contents of peroxisomes or autophagosomes-for the most part, the molecular causes of these changes are not known. Ultrastructural studies could localize the initial site of hepatocellular change, however it should be recognized that structural alterations results from rather complex molecular changes, the basis of which is poorly understood. If the chemical causes were known, it would render the ultrastructural studies more definitive and thus, more useful as screening procedures.
New and Novel Approaches
Increasing awareness that xenobiotic-induced cellular injury results from finite chemical changes in the constituents of the cell, and that elucidation of the injury-producing mechanism depends upon the detection of these molecular changes emphasizes the need for new and better techniques to analyze and to reproduce the injury in more uniform populations of cells. One must always keep in mind, however, that the lesion produced in vitro must always replicate that produced in vivo.
Suspensions of parenchymal cells, or reticuloendothelial cells, either from dissociated livers or cell cultures might be used to test injury producing potential(s) of chemical agents. Kinetics would be simpler and different parameters of injury might be selectively enhanced or suppressed. Cellular suspension of dissociated hepatocytes can be further separated into large and small hepatocytes (assumed centrolobular and periportal, respectively) with differing metabolic functions. Fractionated organelles would then also be more homogeneous. Clearly, the screening potential of such superspecialized systems, for example in mutagenesis assays, need to be examined.
Only by understanding the molecular basis of injury can we learn what to look for to detect early injury and to provide methods for its prevention or reversal. Prediction of injury producing potential depends upon information which still needs to be gathered.
Recommendations
RECOMMENDATION 1: Since most xenobiotics present in the environment interact with constituents of liver and cause alterations and/or injury to that organ and possibly others through their metabolites, metabolic pathways of xenobiotics need to be better understood and the types of metabolites associated with injury classified. RECOMMENDATION 2: Although the association between xenobiotic toxic action and metabolism must be worked out in the experimental animal, metabolite production and associated liver injury must be sought in persons exposed to such compounds in their environment. Detection of injuryassociated compounds in serum, breath, or urine of persons could be used to estimate extent of exposure and risk. Carbon tetrachloride is thought to be the best example of a "free-radical" toxin. Its initial homolytic cleavage is considered to occur as shown in Eq.
(A-1).
The CCI3 radical then either abstracts labile hydrogens with the formation of CHC13 or covalently binds to electron-rich areas of proteins and lipids. In both instances, protein and lipid free radicals are produced which react subsequently in free-radical propagation or diradical annihilation reactions, resulting in lipid peroxidation or molecular polymerization.
Direct Aldehydes are then presumed to form Schiff's bases with primary amines, redox condensation products with peptide bonds, alcohols, thiols, etc.
Epoxides of unsaturated haloaliphatics such as those formed from trichloroethylene by the mixed function oxidases may rearrange non enzymatically to form aldehydes which then react with their chemical environment. Products such as these which might be related to injury have not been verified. Dimethyl nitrosamine is acutely cytotoxic at high doses and a carcinogen at low doses. Not only is it an hepatocarcinogen, but it will also induce tumors in other organs-the electrophilic alkyl radicals which have been preferentially recovered covalently bound to amino groups of purine and pyrimidine bases of DNA are considered by most to be the carcinogenic vector. The molecular basis of its cytotoxic action is not understood, but it should be noted that the leaving methyl group in reaction (A-5) is oxidized to formaldehyde.
O=S-O-

(A-7)
Both the N-hydroxyl and the N-hydroxyl sulfate ester bind to nucleophilic centers in bases of liver DNA in vivo.
Cofactor Depletion: The complexity of structure and of metabolic processes in liver cells emphasizes the importance of the distribution and concentration of cofactors and their precursors in the regulation of normal cell function and responses of cells to injury. Indeed, certain xenobiotics have profound effects on cofactor levels. Ethanol increases liver contents of NADH and NADPH. Ethionine through the formation of S-adenosyl ethionine depletes the liver of adenine nucleotides, thus bringing nucleic acid and protein synthesis to a halt. Component of nucleoli segregate but cells do not die. This affect is apparently unrelated to its ability to produce tumors. Similarly, galactosamine through the formation of uridine diphosphogalactosamine depletes the liver cell of uridine phosphates and uridine sugars and brings RNA and protein synthesis and glycosylation reactions to a halt. Large doses produce necrosis, not because they interfere with protein synthesis, but because increased plasma membrane permeability to calcium develops. Thus xenobiotic impairment of cell coat renewal processes may have lethal consequences.
Diethyl maleate depletes liver of reduced glutathione but does not produce necrosis. Bromobenzene depletes cells of glutathione and produces necrosis. Bromobenzene is metabolized to potent electrophiles, which in the absence of glutathione covalently bind to liver macromolecules; yet bromobenzene-induced hepatic injury is not manifest until hours after the depletion of glutathione.
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Hepatic Porphyria: Certain xenobiotics grossly disturb the synthesis of porphyrins in livers of experimental animals. Similar mechanisms may be operative in man. Since the rate of synthesis is controlled by intracellular free (?) heme levels, decreases in heme brought about through the destruction of heme [2 allyl-2-isopropylacetamide (AIA)], inhibition of ferrochelatase which inserts iron into the porphyrins /3,5-diethyoxy carbonyl-1 ,4-dihydrocolkdene and increased synthesis of hemoproteins (perhaps coupled with increased destruction of hemoproteins) (hexachlorobenzene?), greatly stimulate 8-aminolevulinic acid synthetase and porphyrin production, presulting in porphyria.
